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†Department of Chemistry, University of North Carolina at Chapel Hill, Chapel Hill, North CarolinaABSTRACT Investigations into the spatiotemporal dynamics of DNA repair using live-cell imaging are aided by the ability to
generate well defined regions of ultravioletlike photolesions in an optical microscope. We demonstrate that multiphoton excita-
tion of DNA in live cells with visible femtosecond pulses produces thymine cyclopyrimidine dimers (CPDs), the primary ultraviolet
DNA photoproduct. The CPDs are produced with a cubic to supercubic power dependence using pulses in the wavelength range
from at least 400 to 525 nm. We show that the CPDs are confined in all three spatial dimensions, making multiphoton excitation
of DNA with visible light an ideal technique for generating localized DNA photolesions in a wide variety of samples, from cultured
cells to thicker tissues. We demonstrate the utility of this method by applying it to investigate the spatiotemporal recruitment of
GFP-tagged topoisomerase I (TopI) to sites of localized DNA damage in polytene chromosomes within live cells of optically thick
Drosophila salivary glands.INTRODUCTIONThe study of DNA damage repair has long been aided by
experiments that examine cellular responses to DNA lesions
produced by ultraviolet (UV) light. All of the nucleic acids
absorb 200–300 nm light efficiently, but the main photo-
products that result from absorption of light in this spectral
region are thymine cyclopyrimidine dimers (CPDs) (1,2). It
is straightforward to create CPDs by exposing cells to the
~254-nm light emitted by low-pressure mercury vapor
lamps, but thismethod results in a random spatial distribution
of lesions. To investigate with fluorescence-based micros-
copy the spatiotemporal dynamics of proteins involved in
the repair of CPDs in live cells, it is more desirable to create
photolesions in spatially restricted, user-defined regions of
cell nuclei.
Several methods to generate localized DNA damage have
been investigated (3). Perhaps the most obvious option, irra-
diation by a focused UV laser (4), is somewhat limited by the
relatively low numerical aperture of objective lenses that
transmit UVC light. Furthermore, chromatic aberrations of
these objectives, as well as the poor UV transmission of other
common optical elements, prevent the easy pairing of UV
sources with a conventional microscopy apparatus. More
recently, localized DNA damage has been introduced by
passing UVC light through 3- to 5-mm pores in a polycarbon-
ate filter placed near the sample (5–8). However, when this
method is applied to cultured mammalian cells, the spatial
extent of DNA damage is still a considerable fraction of the
nuclei. In addition, to investigate repair-protein recruitment
to specific locations, it would be advantageous to be able to
preselect the nuclear region to be damaged, which is difficult
to do using the filter method. Finally, laser-based irradiationSubmitted June 13, 2011, and accepted for publication September 23, 2011.
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generates damage, but the focus of this method is to form
strandbreaks preferentially over nitrogen-base photoproducts
(9–12), which excludes the investigation of processes that
repair UV lesions, such as nucleotide excision repair. This
method also suffers from the potentially serious drawback
that the sensitizing agent could perturb the natural response
of the biological system. Ultimately, it is possible to localize
the extent ofDNAdamage in only twodimensions using these
methods; they do not offer confinement in the third (axial)
dimension. The lack of axial confinement is acceptable for
a thin monolayer of cultured cells; however, to selectively
damage thick tissues or nuclei, a method providing axial
confinement is necessary. As an alternative, multiphoton
excitation of DNA has the potential to create spatially local-
ized CPDs without the aforementioned limitations.
Nonresonant multiphoton absorption is the process by
which a molecule exposed to a high photon flux interacts
with two or more photons simultaneously, producing an
excited state equivalent in energy to the summation of the
energy of the interacting photons (13). Multiphoton micros-
copy takes advantage of this phenomenon by combining the
nonlinear intensity dependence with a steeply decreasing
intensity profile outside of the focal point of the objective
lens to enhance imaging depth discrimination (14,15). Our
group has previously demonstrated that DNA exhibits multi-
photon absorption when exposed to visible femtosecond
pulses in vitro (16); in contrast to its application for imaging
purposes, multiphoton absorption of DNA photochemically
produces lesions that are subject to cellular repair mecha-
nisms (Fig. 1 A). Herein, we investigate the use of multi-
photon absorption of visible light as a means to produce
three-dimensionally localized thymine CPDs in cells, and
we demonstrate its utility in studying the spatiotemporal
recruitment of topoisomerase I (TopI) to sites of DNAdoi: 10.1016/j.bpj.2011.09.031
FIGURE 1 (A) Simultaneous absorption of two blue photons by DNA leads to the production of a thymine CPD. Interaction with a single blue photon does
not affect the DNA. (B) Schematic of the apparatus used to irradiate and image cells. The near-IR output of a femtosecond Ti:sapphire laser is attenuated by
a Pockels cell/polarizer and then frequency-doubled by a BBO crystal. Dichroic mirrors remove the fundamental before the beam, focused by a 60 1.2 NA
water-immersion objective lens, is scanned through the sample. A 488-nm CW laser can be introduced into the setup to perform control experiments.
(C) Verification of thymine CPD detection using an immunochemical assay. Samples were irradiated with 1.6 kJ/m2 (UVþ, HeLa), 6.6 kJ/m2 (UVþ,
Drosophila), or no (UV) 254-nm UV radiation. After staining for thymine CPDs, the UVþ cells showed immunofluorescence that was at least an order
of magnitude brighter than that of the control group and showed nuclear localization. In addition, the Drosophila fluorescence shows chromosomal local-
ization, as indicated in the overlay with the H2B-mRFP image. Scale bars, 40 mm for HeLa and 20 mm for Drosophila.
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photon excitation of DNAwith visible light (DIMED-Vis).
We first establish that multiphoton absorption of visible
light produces thymine-thymine CPDs in HeLa cells and in
the polytene chromosomes of Drosophila melanogaster
larval salivary gland cells. Our experiments focus ultrafast
400- to 525-nm pulses generated by frequency-doubling
the output of a Ti:sapphire laser into cellular samples using
a home-built multiphoton microscope (Fig. 1 B). The blue-
green light itself is harmless to cells, but multiphoton
absorption at the objective-lens focal point produces DNA
photolesions. We use HeLa cells to characterize the wave-
length and power dependence of our in vivo procedure and
polytene chromosomes to demonstrate the localized nature
of the lesions. Previous studies have found that ultrashort
near-infrared (near-IR) pulses can also generate DNA
damage in vivo (17,18) via multiphoton absorption; how-ever, the irradiation conditions required to generate DNA
damage with near-IR pulses also introduce other types of
cellular damage, including apoptosis in some cases (19–22),
or they require long pixel dwell times, which can be difficult
to implement on conventional confocal laser scanning mi-
croscopes. Therefore, the use of ultrashort visible pulses,
a method relatively harmless to cells, provides an alternative
to near-IR wavelengths for generating three-dimensionally
localized CPDs in cells with microsecond scan times and
powers commonly used for multiphoton microscopy.MATERIALS AND METHODS
HeLa cell culture
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (Sigma,
St. Louis, MO) supplemented with antibiotics and 10% fetal bovine serum
(Gibco, Billings, MT) at 37C and 5% CO2. For DNA damage experiments,Biophysical Journal 101(9) 2294–2303
2296 Daddysman and Feckocells were seeded on glass-bottom culture dishes (MatTek, Ashland, MA) at
a density of 3  105 cells/dish ~18 h before the experiment. Immediately
before irradiation, the growth medium was removed and cells were washed
and immersed in phosphate-buffered saline (PBS).Drosophila strains and procedures
Three D. melanogaster lines were used. The transgenic line that expresses
the histone 2B-monomeric red fluorescent protein (mRFP) fusion protein
under the control of a Gal4 upstream activation sequence was described
in Zobeck et al. (23); in that study, the protein was expressed in salivary
gland cells by generating a homozygous cross with the c147 Gal4 driver
line. The endogenous eGFP-tagged TopI fusion line was obtained from
the FlyTrap stocks (line CC01414) (24). The w1118 line and the c147
Gal4 line were obtained from the Bloomington Drosophila Stock Center
(Bloomington, IN). Larva were raised at room temperature, collected at
the third-instar stage eight to nine days after eggs were laid, and dissected
in Grace’s insect medium (Gibco). Salivary glands were transferred to
MatTek glass-bottomed culture dish in PBS for irradiation.UV irradiation setup
UV DNA damage was generated with a Spectroline Crosslinker (Westbury,
NY) containing low-pressure mercury vapor lamps (lmax ¼ 254 nm). HeLa
cells were irradiated in PBS to receive a dosage of ~1.6 kJ/m2. Drosophila
salivary glands were irradiated in PBS to receive a dosage of ~6.6 kJ/m2.Laser apparatus for producing DNA photolesions
To investigate multiphoton-absorption-induced photolesion formation,
HeLa cell monolayers or Drosophila salivary glands were irradiated by
focused near-IR or visible ultrashort pulses using the apparatus dia-
grammed in Fig. 1 B. Our setup used tunable near-IR femtosecond pulses
produced at 80 MHz by a Chameleon Ultra II Ti:sapphire oscillator
(Coherent, Santa Clara, CA). An electro-optic modulator and polarizer
placed directly after the laser controlled the intensity used for each exper-
iment. The near-IR pulse duration was 200 fs at 750 nm, as determined by
a background-free autocorrelator placed just after the modulator/polarizer.
As indicated, most experiments used pulses at the second harmonic of the
Ti:sapphire output wavelength, which were generated by focusing the beam
into a 2-mm-pathlength b-barium borate (BBO) crystal cut for type I phase
matching. The residual near-IR light was rejected with a contrast ratio of at
least 100:1 by reflecting the visible beam off of two dichroic mirrors before
introducing it into a home-built laser-scanning microscope. The duration of
the visible pulses before entering the microscope was 210 fs at 425 nm,
which was determined by background-free cross correlation with the
near-IR pulses. The pulses are further broadened by lenses in the laser
scanner and the objective lens; we did not measure the pulse duration after
the objective, but we estimate that the 425-nm pulse duration is ~450 fs at
the sample (details of this calculation are provided in the Supporting
Material). For experiments that use the near-IR pulses directly, we estimate
that the 750-nm pulse duration is 275 fs at the sample.
The laser-scanning setup was based on an Olympus IX81 inverted micro-
scope with a dedicated laser port. External galvanometer-mounted mirrors
and relay lenses determined the angle with which the laser beam enters a
60, 1.20 NA water-immersion objective lens. All experiments used a
0.05-mm/ms scan rate and a pixel size of 0.1 mm, resulting in a single-pixel
dwell time of 2 ms/frame. Most experiments generated damage by scanning
a selected region multiple times; for each experiment, we report the total
pixel dwell time, which is the product of the number of passes and 2 ms.
The back aperture of the lens was slightly overfilled to maintain a tight
focus. The irradiation power was measured after the objective using a cali-
brated power meter. For damaging DNA in salivary gland cells, the mRFP-
histoneswere excited by the same laser at a greatly reduced power (<1mW),Biophysical Journal 101(9) 2294–2303and the resulting epifluorescence was detected by a GaAsP photomultiplier
tube in a confocal setup. Using in-house-developed Labview-based soft-
ware, a region of the chromosome was selected for multiple passes of a
higher-power laser beam. For HeLa cell monolayers, phase contrast micros-
copy was used to locate and focus the cells before high-power laser irra-
diation. To perform control experiments that involved continuous-wave
irradiation, a Coherent 488 nm Sapphire laser beam was introduced into
the same setup by a dichroic mirror, as indicated in Fig. 1 B.Multiphoton microscopy
Cells were imaged by multiphoton microscopy using the aforemen-
tioned laser-scanning microscope, except without frequency-doubling the
Ti:sapphire laser output. Epifluorescence was detected by a nondescanned
GaAsP photomultiplier tube.Immunocytochemistry
After irradiation, cells or glandswere fixed inmethanol for 15min at20C,
washed thrice with a solution of PBS and 0.1% (v/v) Triton-X-100 (PBT),
and then blocked in PBT with 1% (w/v) bovine serum albumin (BSA) for
1 h. Samples were incubated in mouse monoclonal anti-CPD antibody
(Kamiya Biomedical, Seattle, WA) solution in PBT, 1% BSA overnight at
4C. After washing, immunofluorescence was accomplished with Alexa
Fluor 488 conjugated to goat anti-mouse IgG (Invitrogen, Carlsbad, CA)
in PBT, 1% BSA for 2 h at room temperature. After washing, glands were
imaged in PBT using the two-photon microscopy setup described above.
Alexa Fluor 488 fluorescence was excited by two-photon absorption of
900 nm and detected by a 535/60 bandpass filter. Likewise, mRFP fluores-
cence was excited by two-photon absorption of 1000 nm and detected by
a 630/100 bandpass filter. HeLa cells were imaged by phase-contrast micro-
scopy and wide-field immunofluorescence (470/40 excitation filter and
525/50 emission filter), both using a 20 objective.Quantification of fluorescence images
Fluorescence images were processed using MATLAB (The MathWorks,
Natick, MA) software. For HeLa cells, damaged nuclei were distinguished
from the background by creating a mask from images that had been
smoothed by a lowpass Gaussian filter. The unfiltered immunofluorescence
intensity within each masked nucleus was averaged and the nonspecific
background staining subtracted to generate a data set. Error bars represent
the standard deviation among different data sets. At least three (n R 3)
different data sets are averaged for each power or wavelength. Each data
set contains between 20 and 40 nuclei. Immunofluorescence in polytene
cells was quantified by averaging the pixels above the nonspecific back-
ground threshold inside a damaged region. The average value of the non-
specific background was then subtracted from the immunofluorescence
intensity. TopI-GFP recruitment or bleaching in polytene cells was pro-
cessed in a similar way, except that masks of the irradiated and unirradiated
regions of each nucleus were generated from a projection of the maximum
pixel intensity for all times. The same masks were then applied to each
image to determine the fluorescence intensity at each time for a given
nucleus. The plotted data are the average and standard deviation of intensi-
ties from three polytene nuclei, taken from different glands.RESULTS
Immunocyctochemistry selectively stains
thymine-thymine CPDs
We determined the amount of DNA damage in cells using
an immunofluorescence-based assay with a CPD-specific
Localized DNA Photolesions in Live Cells 2297antibody (25,26). To validate this method, HeLa cell
monolayers were irradiated by UV light (Mercury vapor,
254 nm) at an approximate dosage of 1.6 kJ/m2.
Drosophila salivary glands dissected from a fly line that
expresses mRFP-tagged H2B histones (23) were irradi-
ated at an approximate UV dosage of 6.6 kJ/m2. The cells
and glands were each fixed, incubated with the anti-CPD
antibody, and visualized after staining with an Alexa
Fluor 488-labeled secondary antibody (Fig. 1 C). In com-
parison with phase-contrast images, the immunofluores-
cence of the HeLa cells is uniformly distributed within
cell nuclei. In the salivary glands, the brightest regions
of immunofluorescence colocalize with the mRFP fluores-
cent protein, which marks the polytene chromosomes in
cell nuclei. In both organisms, immunofluorescence in
the UV-exposed samples was >10 times brighter than
the control. The immunofluorescence intensity increases
linearly with UV dosage (Fig. S1 in the Supporting
Material).FIGURE 2 Irradiation with high-intensity IR pulses at 750 nm and
80 mW, which is approximately the minimal power required to induce
thymine CPDs with near-IR light, results in unintended damage of cells.
As shown by phase-contrast microscopy, the HeLa cells in the area irradi-
ated by the IR beam (indicated by a white box) are obliterated, leaving
behind only portions of the cell that can be stained for CPDs. Portions of
cells that had been partially irradiated (white arrows) survive but also
show damage. Likewise, Drosophila salivary gland cells exhibit pro-
nounced morphological changes (black arrows) as a result of irradiation
with the IR pulses. Scale bars, 30 mm.Use of high-intensity IR pulses results
in physical damage
Previous reports demonstrate that UV-like lesions, in-
cluding thymine CPDs, result from multiphoton absorp-
tion of near-IR femtosecond pulses (12,17,18). However,
we found that irradiation of unstained HeLa cells or poly-
tene cells with near-IR pulses at intensities necessary to
produce CPDs also disrupted their physical structure.
Fig. 2 presents HeLa cells and a salivary gland that had
been irradiated with focused 750-nm femtosecond pulses
at an average power of 80 mW, which is approximately
the minimal power that allowed for the detectable creation
of CPDs with near-IR pulses (Fig. S2). Similar irradiation
conditions were required to produce DNA damage in pre-
vious studies (12). Unfortunately, irradiated HeLa cells
are either destroyed or exhibit pronounced morphological
changes in the phase-contrast images. Likewise, irradia-
tion of salivary glands results in the appearance of local-
ized structures that may be due to the formation of
cavitation bubbles. These results are not particularly sur-
prising, since several groups have performed laser-based
cellular nanosurgery and ablation using nearly identical
irradiation conditions (19–22). Previous studies that gener-
ated DNA photolesions with near-IR pulses have limited
irradiation to subnuclear regions in cultured cells, which
either prevented or masked this type of unwanted cellular
damage. However, it becomes difficult to avoid when
studying optically thick tissue samples, such as salivary
glands containing polytene nuclei. The introduction of
unwanted cellular damage is not desirable for imaging
DNA repair dynamics in live cells, so there is a clear
need to develop an alternative method to create localized
lesions that does not significantly disrupt other cellular
processes.Femtosecond visible pulses induce localized
thymine CPD formation in HeLa cells
Our previous in vitro study (16) indicated that the two-
photon absorption cross section of DNA is largest at
425 nm, so we started at this wavelength to investigate
DIMED-Vis in vivo. Visible femtosecond pulses generated
by frequency-doubling the near-IR output of a Ti:sapphire
oscillator were focused into a monolayer of unstained
HeLa cells by a 60, 1.2 NA objective lens. The beam
(80 MHz repetition rate, 14 mW average power after the
objective) was raster-scanned over a square region of cells,
resulting in a total pixel (~0.1 mm2) dwell time of 20 ms.
Cells were then fixed, stained for CPD production, and
imaged using widefield fluorescence microscopy (Fig. 3 A).
The immunofluorescence clearly demonstrates DNA dam-
age in the nuclei of cells within the square region that had
been irradiated by visible femtosecond pulses. Cells out-
side of the irradiated region exhibit only background fluores-
cence equivalent to the amount of nonspecific staining of
unirradiated samples from the UV control. It is notable that
cells at the boundary of the irradiated region show a sharp in-
tranuclear boundary between the damaged and undamaged
regions. It is important to note that the phase-contrast image
shows no physical malformations of the irradiated HeLaBiophysical Journal 101(9) 2294–2303
FIGURE 3 Production of CPDs using 425-nm femtosecond pulses. (A) (Left) HeLa cells were irradiated by femtosecond pulses in a square region that
included intra-and extranuclear regions, then stained for CPDs and imaged with wide-field epifluorescence. Only cells inside the irradiation region show
immunofluorescence, even though there are cells outside of this region. Furthermore, the immunofluorescence is confined to nuclear regions only, although
the entire cell was irradiated. (Right) The overlay on the phase-contrast image demonstrates that CPDs are laterally confined, even in nuclei of cells that were
only partially irradiated. Scale bar, 20 mm. (B) The generation of thymine CPDs due to visible laser light is due to a nonlinear process; therefore, the required
photon flux (GW/cm2) can only be achieved with a pulsed laser. HeLa cells were irradiated with light at 488 nm and 13 mWaverage intensity from a 150-fs
pulsed laser (blue box) and a CW laser source (red box), each focused by the same 60 1.2 NA objective lens. Only the pulsed laser source created thymine
CPDs, further indicating that the production of thymine CPDs with visible light is a nonlinear process. The outline boxes are slightly larger than the irradiated
region to prevent obscuring of the epifluorescence. Scale bar, 16 mm. (C) Selected slices from a z-series of a Drosophila polytene nucleus that had been
irradiated by femtosecond pulses in a rectangular region before staining. The CPDs are axially confined to a region much smaller than the depth of the
nucleus. The orientation of the gland when it was imaged after the CPD staining procedure is different from that when it was damaged; therefore, the damage
and bleach shifts across the gland through the z-series. The contrast of images was uniformly enhanced to assist in viewing. Scale bar, 5 mm. (D) Quanti-
fication of the CPD immunofluorescence in the white box in C, and the mRFP fluorescence for the entire cell. The intensity of the mRFP-labeled H2B histone
(red line) and the immunofluorescence labeling of CPDs (green line) are plotted as a function of the axial depth of the sample. The nucleus is approximately
spherical, 20 mm (full width at half-maximum) in diameter. The region of the production of photolesions is confined to an ~2.5-mm-thick (full width at half-
maximum) region of the chromosome.
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demonstrate that DNA damage is caused by multiphoton
absorption and exclude the possible involvement of endoge-
nous sensitizers, we compared irradiation of HeLa cells with
a beamof ultrashort visible pulses to irradiationwith a contin-
uous-wave (CW) beam at the same wavelength and power
(Fig. 3 B). The thymine CPDs were only produced when
using pulsed sources of light, demonstrating that the high
peak intensities of femtosecond pulses are necessary to
generate CPDs.Thymine CPDs are axially localized
We also investigated the generation of CPDs via DIMED-
Vis in polytene cells. To locate cell nuclei, salivary glands
that express histone H2B-mRFP fusion proteins wereBiophysical Journal 101(9) 2294–2303imaged using confocal microscopy, excited by the 425-nm
beam of femtoseond pulses at a reduced power (<1 mW).
Selected regions of cells were then irradiated by the same
beam at a higher power to generate DNA damage (10 mW
average power and a 10-ms total pixel dwell time). The
glands were subsequently fixed and stained for CPD pro-
duction. The immunofluorescence and mRFP were imaged
using standard two-photon microscopy (Fig. 3 C). The
applied laser light bleaches the mRFP, marking the location
of high-power laser irradiation. The immunofluorescence
colocalizes with the mRFP bleach, establishing that CPDs
had been created in the region irradiated by the high-power
beam of 425-nm femtosecond pulses. Only a thin axial
region (2.5 mm FWHM) contained the CPDs (Fig. 3 D),
implying that the damage was due to multiphoton absorp-
tion. The intensity used to ensure a strong staining probably
Localized DNA Photolesions in Live Cells 2299saturated the multiphoton absorption, resulting in a thicker
axial section than would be expected based on the theoret-
ical diffraction-limited point spread function of the objec-
tive lens. Note that the orientation of the gland when the
immunofluorescence was imaged differed slightly from its
orientation when the damage was generated, resulting in
CPDs that are localized on opposite sides of the nucleus
in subsequent optical sections. Chromosomes outside of
the region irradiated with the high power beam exhibit the
same amount of immunofluorescence and mRFP fluores-
cence as those in unirradiated glands. This observation con-
firms that the lower power used for confocal imaging does
not generate damage, as would be expected for a nonlinear
intensity dependence. Finally, since it is possible that the
presence of a fluorescent histone protein fusion could sensi-
tize DNA to photodamage, we confirmed that the same
numbers of CPDs are created in the nuclei of salivary glands
that do not express a fluorescent marker (Fig. S3).Thymine CPDs are produced with 400–525-nm
femtosecond pulses
To determine the ideal wavelength for CPD production,
HeLa cells were irradiated with various wavelengths of
visible pulses, ranging from 400 to 525 nm at 25-nm inter-
vals, and subsequently assayed for the number of CPDs
produced. The same power and pixel dwell time were
used at each wavelength within a particular data set. CPDs
were created at each wavelength tested, though there is a
clear maximum at 400 nm and a general trend of decreasing
efficiency with wavelength (Fig. 4 A). The large multi-
photon absorption cross section difference between 400
and 425 nm is somewhat surprising, since the UVabsorption
spectrum is quite broad, but the similar cross sections fromFIGURE 4 Characterization of the photophysical parameters that lead to
the production of CPDs. (A) The production of CPDs was quantified in
HeLa cells using various irradiation wavelengths from 400 to 525 nm at
25-nm intervals. Error bars represent the standard deviation among the
average intensities of cells in three different irradiation regions. (B) HeLa
cells were irradiated at 425 nm from 6 to 24 mW and data are plotted on
a log scale. Data points at 6, 7, and 8 mWwere below the threshold of detec-
tion and are not plotted. Points included in the regression are represented by
solid squares and those excluded due to saturation as open circles. The fit
scales with the irradiation power raised to the 3.45 0.2 power with a coef-
ficient of determination of 0.948. Error bars are standard deviations among
the average intensities of cells in three different irradiation regions (n ¼ 3).425 to 475 nm agree with our previous in vitro findings (16).
It should be noted that the lower efficiency at longer wave-
lengths can easily be overcome by using higher powers. The
ability to create CPDs over a broad range of wavelengths
allows for the tailoring of a damage method according to
the fluorophore being used in a given study: the damaging
wavelength can be chosen to minimize or maximize fluoro-
phore bleaching depending on the experiment.Power dependence of thymine CPD production
We examined the intensity dependence of CPD production
by irradiating HeLa cells with 425-nm femtosecond pulses
at various powers, ranging from 6 to 24 mW (Fig. 4 B).
Based on the strong 200- to 300-nm UV absorption of
DNA that leads to CPD production, as well as on our
previous in vitro results, we expected that the amount of
damage would scale with the square of the applied laser
power, indicating a photochemical mechanism involving
two-photon absorption. We were somewhat surprised to
find that the data are fit best by a supercubic (3.4 5 0.2)
function of incident power, implicating higher-order nonlin-
earities. The 425-nm light was tested because it allowed for
a relatively large range of powers to be tested, but similar
results were obtained at 400 nm (3.0 5 0.5) and 500 nm
(3.5 5 0.2).Recruitment of topoisomerase I to DNA
photolesions in polytene cells
To assess the utility of DIMED-Vis for investigating the
dynamics of protein recruitment to spatially localized
CPDs, we studied the localization of TopI in polytene cells
after irradiation with visible femtosecond pulses. TopI is an
enzyme that changes the topology of DNA by introducing
a transient break in one strand of its backbone, through
which the other strand can pass. TopI activity has previ-
ously been implicated in transcription, replication, and
repair (27); it is essential for the viability of multicellular
organisms, including Drosophila (28). Using multiphoton
microscopy, we imaged the localization of TopI-GFP fusion
proteins in polytene cells from a GFP protein-trap fly line
(24). Before DNA damage induction, TopI-GFP is localized
within the nucleus and exhibits well-defined banding along
polytene chromosomes, as well as diffuse localization
between bands and within the nucleoplasm (23). Irradiation
of approximately one-quarter of the nucleus in a single
axial plane with intense 425-nm femtosecond pulses
(10 mW, 10 ms total pixel dwell time) completely bleaches
the GFP fluorescence within the selected region. Fluores-
cent TopI-GFP subsequently diffuses into the selected
region, starting from its intranuclear boundaries and reach-
ing an equilibrium fluorescence distribution within 3–4 min
(Fig. 5 A). Fluorescence of TopI-GFP outside the selected
region decreases on the same timescale to a final intensityBiophysical Journal 101(9) 2294–2303
FIGURE 5 Localization of TopI to DNA photolesions. Scale bars, 5 mm. The contrast of images was uniformly enhanced to assist in viewing. (A) DNA in
aDrosophila polytene cell that expresses a TopI–GFP fusion protein was damaged using DIMED-Vis by irradiating the lower left quadrant of a single nuclear
plane with 425 nm femtosecond pulses. The irradiation also bleaches the GFP fluorescence in the damaged region. Multiphoton microscopy images recorded
as a function of time after irradiation reveal that fluorescent TopI-GFP preferentially accumulates in the damaged region, beginning with the intranuclear
edges and subsequently populating the entire region. (B) (Upper) The integrated fluorescence intensity in the damaged region (squares) recovers to a value
close to its initial intensity, whereas the integrated fluorescence in the unirradiated region (circles) decreases below this value. (Lower) By contrast, under
similar conditions, the fluorescence in nuclei irradiated by a 488-nm CW laser, which bleaches GFP but does not generate DNA damage, recovers to the same
value in the irradiated and unirradiated regions. Plots are normalized to the preirradiation intensity. Error bars represent the standard deviation among three
different cell nuclei (n ¼ 3). (C) (Upper) For the cell damaged in A, the preirradiation TopI-GFP fluorescence distribution (red) within the irradiated region
(white box) antilocalizes with the TopI-GFP fluorescence distribution in the postirradiation (after 250 s) fluorescence image (green). (Lower) In contrast,
a cell irradiated by the CW laser exhibits the same TopI-GFP fluorescence distribution in the pre- and postirradiation images.
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selected region (Fig. 5 B). This intensity difference likely
arises from the preferential accumulation of TopI-GFP at
DNA damaged by multiphoton absorption of visible pulses,
in agreement with previous studies that observed TopI
recruitment to the site of DNA photolesions (29,30). This
interpretation is also supported by a post-damage z-series
that shows that TopI-GFP is axially localized to the irradi-
ated region, similar to the axial profile of CPDs (Fig. S4).
To test our interpretation that TopI-GFP preferentially
localizes to damaged DNA, we irradiated nuclei with a
488-nm CW laser, which bleaches GFP but does not
damage DNA. As expected, the bleached and unbleached
regions recover to the same final intensity (Fig. 5 B). It is
interesting to note that the TopI-GFP banding pattern after
DNA damage with visible femtosecond pulses largely anti-
localizes with the banding pattern before damage. In con-
trast, cells irradiated by the CW laser exhibit the same
banding pattern before and after bleaching (Fig. 5 C). These
observations are consistent with a model in which TopI
associates with DNA transiently in the absence of damage,Biophysical Journal 101(9) 2294–2303but localizes to damaged sites more stably, as discussed
below.DISCUSSION
For the study of DNA repair-protein dynamics, it is desir-
able to produce spatially localized damage sites to observe
the mechanism by which repair proteins locate damage
sites. The direct multiphoton absorption of DNA creates
spatially confined photolesions ideal for the observation of
the recruitment of repair proteins to the damage site. In
this report, we have damaged large regions of the chromo-
some for the purpose of quantifying and observing immuno-
fluorescence, but it would be straightforward to create
damage only in a diffraction-limited spot, ~200  200 
500 nm.
Previous attempts at producing DNA damage via multi-
photon absorption have focused on near-IR pulses, which
require millisecond pixel dwell times (18), very intense
pulses, or chemical sensitizers (12). Our current setup con-
figuration was optimized for microsecond (rather than
Localized DNA Photolesions in Live Cells 2301millisecond) dwell times, which is typical for multiphoton
and confocal microscopes. However, we did determine
that the conditions required to create DNA damage using
high intensity IR pulses also resulted in other unwanted
damage to the cells when large scan regions were used
(Fig. 2). We note that the large regions irradiated in this
study created more severe damage than if a smaller region
were chosen, but even localized, intranuclear near-IR irradi-
ation that preserves the cell’s macrostructure likely causes
unwanted disturbances. Our results are consistent with ear-
lier reports that similar irradiation conditions can dissect
chromosomes (22), induce strand breaks (12,18), and invoke
cell death (21). Thus, DIMED with near-IR pulses is unde-
sirable for the study of protein dynamics in thick tissues
where multiple cells are damaged. Furthermore, the chem-
ical sensitization of DNA, although it allows for the use of
nonlethal irradiation intensities, can adversely affect the
DNA repair pathway under study and preferentially results
in non-UV-type lesions. By using 25- to 44-ms pixel dwell
times, as presented in the reports by Meldrum et al. (17)
and Trautlein et al. (18), the powers needed to generate
DNA photolesions may be below the threshold for unin-
tended cellular damage. However, even scanning a small
area (~10  10 pixels) requires several seconds, thus re-
ducing the time resolution to measure the protein response,
and such long pixel dwell times can be difficult to imple-
ment on some laser-scanning microscopes.
The method characterized in this article, DIMED-Vis,
allows for the production of axially localized CPD type pho-
tolesions in thick tissues without physical damage to the
cell, providing a useful alternative to previously reported
methods of creating damage. In addition, it is relatively
easy to implement by modifying an existing two-photon
microscopy setup with the addition of a frequency-doubling
BBO crystal. We have shown that DIMED-Vis works on two
very different cell types. It is especially powerful when
paired with the polytene nucleus of Drosophila larva sali-
vary gland, since the large chromosomes of the polytene
nucleus allow regions of DNA to be distinguished from
nucleoplasm. However, the large nuclei present the need
for axial confinement, which our method addresses. The
successful use of DIMED on cells containing polytene
chromosomes and diffuse chromatin and with or without
transgenic fluorescent markers indicates its flexibility. The
observed wavelength dependence was somewhat unex-
pected; in particular, it is unclear why CPDs are produced
more efficiently with 400-nm pulses than with the other
observed wavelengths, since such sharp transitions are not
observed in the UV absorption spectrum of DNA. At the
measured wavelengths of 400, 425, and 500 nm, the produc-
tion of CPDs all scaled with an approximate cubic power
dependence. Therefore, it can be reasonably concluded
that the same transition is being excited at each wavelength.
However, it is important to note that CPDs can be efficiently
produced at all wavelengths tested, thereby granting theflexibility to choose a damaging wavelength that is most
appropriate considering other parts of the experiment,
such as minimizing fluorophore photobleaching.
We expect DIMED to produce UV-type lesions which is
why we tested for thymine-thymine CPDs, the primary
UV photoproduct. Several observations point toward the
direct multiphoton absorbance of DNA as the source of pho-
tolesion formation, indicating that the photoreactions should
be UV-like. The applied visible pulses are off-resonant for
DNA linear absorption; the linear absorption of the nitrogen
bases is strongest between 200 and 300 nm and is com-
pletely transparent in the range 400–525 nm. Therefore,
the damage is due either to the multiphoton absorption of
DNA or through the sensitization of damage by other fluo-
rophores (e.g., mRFP). However, as shown in HeLa cells
and polytene cells devoid of fluorophores, we can induce
CPDs in cells without fluorescent proteins. This evidence
excludes mRFP as a possible sensitizing agent. Further-
more, when using a CW laser at the same wavelength and
time-averaged power as a pulsed laser, the thymine CPDs
are not produced. The production of the photolesions using
blue light, therefore, requires the high peak intensities
provided by an ultrashort-pulsed laser, indicative of non-
linear excitation of DNA and excluding linearly absorbing
sensitizing agents (Fig. 3 B). Finally, the power series is
nonlinear, indicating a multiphoton process (Fig. 4 B).
Although the cubic power dependence was unexpected,
others (18) have shown higher-order nonlinearities in the
formation of thymine CPD using IR pulses. Therefore, the
observed DNA damage is likely due to multiphoton excita-
tion of DNA. We cannot be certain the damage is not medi-
ated by multiphoton absorption of a secondary species,
such as histones, but we believe this interaction is unlikely,
because such a mechanism would preferentially create
strand breaks with few, if any, CPD photoproducts. Other
types of UV photolesions are also likely produced by
DIMED-Vis, such as 6-4 photoproducts. We do not expect
to form a large quantity of double strand breaks, as these
are not typically produced by UV exposure; however,
near-IR ultrafast irradiation has resulted in the production
of double strand breaks. In the future, we plan to measure
the distribution of lesions to determine how DIMED-Vis
compares to other published methods of DNA damage
induction.
We have demonstrated one application of DIMED-Vis by
measuring the time-resolved localization of TopI-GFP to
a region of damaged DNA in polytene cells. After inducing
DNA photodamage, TopI-GFP accumulates within the irra-
diated region of the nucleus and is depleted in the unirradi-
ated region (Fig. 5), indicating that TopI is recruited to
damaged DNA (CPDs and other potential types of damage).
This observation strengthens earlier suggestions (27) that
TopI is involved in DNA damage repair. However, the appli-
cation of DIMED-Vis in polytene cells offers much more
information about the spatiotemporal dynamics of TopIBiophysical Journal 101(9) 2294–2303
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damage, the fluorescent protein is confined within a 2-mm
axial plane (Fig. S4) and exhibits antilocalized banding
compared to the preirradiated image. We presume that the
TopI-GFP that had been in the irradiated region before
damage associates stably with the newly damaged DNA
but is no longer visible because the GFP is bleached. The
TopI-GFP that had been in the unirradiated region thus fills
in chromosomal regions that contained a lower density of
TopI-GFP before damage, resulting in the observed antiloc-
alization. In contrast, when TopI-GFP is only bleached
without creating photolesions by using a 488-nm CW laser,
antilocalization is not observed, since the equilibrium dis-
tribution of DNA-associated TopI-GFP is constantly ex-
changing. We also observe that the TopI-GFP initially
exhibits a preferential localization to chromosomes near
the boundary between the damaged and undamaged regions
after damage, leaving the region farther from this boundary
depleted for more than a minute. This behavior is not
observed in nuclei bleached by a CW laser, which recover
fluorescence more uniformly (Fig. S5), and is another
consequence of the accumulation of TopI-GFP at damaged
DNA. Finally, we note that optical resolution limits prevent
us from unambiguously proving that TopI is recruited to
damaged DNA on a molecular lengthscale. For example,
it is also possible that DIMED-Vis changes the nuclear
matrix in a way that causes TopI to be immobilized on chro-
mosomes; however, we consider this unlikely, since the
morphology of H2B-mRFP is unchanged by irradiation.
We continue to investigate the spatiotemporal localization
of TopI-GFP and will present a more detailed analysis in
a future publication.CONCLUSION
We have developed a method, DIMED-Vis, for creating
localized DNA photolesions ideal for the study of DNA
repair. We showed that photolesions could be created by
laser irradiation between 400 and 525 nm in both HeLa
cells and the polytene chromosomes of the Drosophila.
The creation of thymine CPDs was confirmed through the
use of an immunocytochemistry assay. As an example of
the application of DIMED-Vis, we showed the recruitment
of TopI to DNA photolesions, demonstrating the utility of
this technique for resolving spatiotemporal dynamics of
DNA repair.SUPPORTING MATERIAL
Five figures, supporting text (Estimation of pulse duration at the sample),
and reference (31) are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(11)01122-2.
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